A novel technique for measurement of high frequency temperature fluctuations in unseeded gas flows using molecular Rayleigh scattering is investigated. The spectrum of laser light scattered from molecules in a gas flow is resolved using a Fabry-Perot interferometer. The width of the spectral peak is broadened by thermal motion of the molecules and hence is related to gas temperature. The interference fringe pattern containing spectral information is divided into four concentric regions using a series of mirrors angled with respect to one another. Light from each of these regions is directed towards photomultiplier tubes and sampled at 10 kHz using photon counting electronics. Monitoring the relative change in intensity within each region allows measurement of gas temperature. Independently monitoring the total scattered intensity provides a measure of gas density. This technique also has the potential to simultaneously measure a single component of flow velocity by monitoring the spectral peak location. Measurements of gas temperature and density are demonstrated using a low speed heated air jet surrounded by an unheated air co-flow. Mean values of temperature and density are shown for radial scans across the jet flow at a fixed axial distance from the jet exit plane. Power spectra of temperature and density fluctuations at several locations in the jet are also shown. The instantaneous measurements have fairly high uncertainty; however, long data records provide highly accurate statistically quantities, which include power spectra. Mean temperatures are compared with thermocouple measurements as well as the temperatures derived from independent density measurements. The accuracy for mean temperature measurements was +/-7 K.
INTRODUCTION
A molecular Rayleigh scattering technique is developed to measure dynamic gas temperature and density in unseeded turbulent flows at high sampling rates (10 kHz). A high power CW laser beam is focused at a point in a heated jet plume and Rayleigh scattered light is collected and spectrally resolved. The spectrum of the light contains information about the temperature, velocity, and density of the flow. A planar mirror Fabry-Perot interferometer (FPI) is used to analyze the spectrum of the scattered light, and photomultiplier tubes (PMTs) record the spectra at high sampling rates and allow dynamic measurement of the gas flow properties. Mean values of temperature and density, as well as power spectra of the flow property fluctuations are presented for measurements in a low speed heated air jet.
There is currently no high frequency response, non-intrusive temperature measurement technique for use in turbulent flow studies. There are also no techniques that can provide non-intrusive dynamic measurement of gas temperature, velocity, and density simultaneously. Conventional intrusive measurement devices such as hot wires, pressure probes, and thermocouples are usually limited in spatial and temporal response, disturb the flow under study, and can be damaged by high pressure or temperature. The non-intrusive technique presented here can provide data particularly useful to aeroacoustics researchers who are interested in correlating flow property fluctuations with far field acoustic fluctuations. Knowledge of velocity-temperature fluctuation correlations is also needed to improve computational fluid dynamic (CFD) models of compressible turbulent flows.
Various optical techniques are available for temperature and species concentration measurements. Eckbreth 1 provides the details of several of these techniques, such as Coherent Anti-Stokes Raman Spectroscopy (CARS), Spontaneous Raman and Rayleigh scattering, and Laser-Induced Fluorescence (LIF), along with the advantages and disadvantages of each.
CARS and LIF require complex setups, involving multiple lasers. Raman scattering requires only a single laser wavelength, however the method suffers from weak signal strength. Another technique called Laser-Induced Thermal Acoustics (LITA) 2, 3 , also known as Transient Grating Spectroscopy (TGS) 4 , is a point-wise technique that measures instantaneous temperature, velocity, and species concentrations. This technique requires the use of two high-energy pulsed laser beams to generate a dynamic refraction index grating in the medium, as well as a low-power probe laser beam. The temporal response of these techniques is typically limited by the repetition rate of pulsed lasers, usually on the order of 10 Hz, or the signal strength of the scattering process.
Rayleigh scattering has several advantages over other light scattering techniques. The Rayleigh scattering cross-section is 3 orders of magnitude greater than the Raman scattering cross-section. Also, Rayleigh techniques are generally much simpler to implement than techniques that require multiple lasers and other complicating factors. Previous works using molecular Rayleigh scattering to make temperature, velocity, and number density measurements in harsh environments have been reported [5] [6] [7] [8] . The current work is an extension of a previously developed technique using Rayleigh scattering to obtain dynamic density and velocity measurements in supersonic free jets 9,10 .
THEORY

Rayleigh scattering and spectral analysis
Molecular Rayleigh scattering is the result of elastic light scattering from gas molecules. When light from a single frequency laser beam passes through a gas, the scattered light is shifted in frequency by the Doppler effect due to the thermal as well as the bulk motion of the molecules. The frequency spectrum of the scattered light contains information about the gas density, bulk velocity, and temperature. Figure 1 shows a Rayleigh scattering spectrum containing the narrow laser line and the Rayleigh spectral peak for 90 o scattering and air flowing at 300 m/s with temperature 250 K and pressure 1.8 atm. If the gas composition is fixed, the total intensity of the Rayleigh scattered light is directly proportional to the gas density. The frequency shift between the laser peak and the Rayleigh peak is proportional to the bulk flow velocity. The width of the spectrum is related to the gas temperature.
The shape of the spectrum is dependent on gas pressure, temperature and the scattering angle 11 . A non-dimensional parameter y, which represents the ratio of the wavelength of molecular fluctuations to the mean free path between molecular collisions, is used to establish spectral shape regimes:
where p is the gas pressure, η is the gas viscosity, K is the magnitude of the interaction wave vector K that defines the direction of the velocity component, u k , being measured, and a is the most probable molecular speed defined as
where κ is the Boltzmann constant, T is the fluid temperature, and m is the molecular mass. The interaction wave vector is the bisector of the incident and scattered light wave vectors (figure 2). The interaction wave vector and its magnitude are given by:
where λ is the wavelength of the incident light and χ s is the scattering angle between the incident (k 0 ) and scattered (k s ) light wave vectors. The geometry of the optical arrangement in an experiment can be designed such that the desired component of the velocity is measured:
Three spectral shape regimes are defined for typical 90 o scattering [11] [12] [13] . For low density gases where y << 1, the Rayleigh spectrum is accurately modeled by a Gaussian function and the gas is said to be in the Knudsen or collisionless regime. For higher density gases where y >> 1, the Rayleigh spectrum broadens and eventually develops side-lobes known as k k0 E Brillouin peaks. This is known as the hydrodynamic or continuum regime where molecular collisions are the dominant process. Finally, for 0.2 ≤ y ≤ 2, as is the case in the present experiments, the gas is in a transition region between the collisionless and hydrodynamic regimes, and a kinetic theory model is required. The shape regimes are illustrated in figure 3 . A model developed by G. Tenti 11, 14 provides a kinetic model of Rayleigh-Brillouin scattering from molecular gases in all density regimes. The TENTI S6 spectrum model was used to generate the information displayed in figures 1 and 3, and also in the uncertainty analysis discussed in Sec. 2.2. The spectrum of the Rayleigh scattered light is analyzed using a planar mirror Fabry-Perot interferometer (figure 4) operated in the static imaging mode 15 . The fringes at the FPI output are focused by a lens. The fringe intensity pattern is a function of the Rayleigh spectrum, S R , and the Fabry-Perot instrument function, I FP . The image of the fringe pattern is separated into concentric circular and annular areas, which are then sampled using photon counting detection equipment. The Fabry-Perot instrument function is:
where
ψ is the phase change of the light between successive reflections given by:
N e is the effective finesse,  µ is the refractive index of the medium in the Fabry-Perot cavity, d is the Fabry-Perot mirror spacing, Λ = 2π/K, θ is the angle between a light ray incident on the image plane and the optical axis (θ = r/f L ), r is the radial position in the image plane, f L is the fringe forming lens focal length, θ R is the angle associated with the fringe radius of the reference laser light r R , and x f is the dimensionless frequency defined as
where f -f 0 is the frequency shift between the reference laser light and the Rayleigh scattered light. In our experiment, Rayleigh scattered light from a defined probe volume is collected into a multimode optical fiber. The fiber directs the light to the FPI and a lens at the interferometer output focuses the interference fringe pattern at the image plane. The total expected number of Rayleigh photoelectron counts without the FPI in the optical path can be expressed as:
where ε is the overall system efficiency including detector quantum efficiency and other losses, P 0 is the power of the incident laser beam, n is the molecular number density, L x is the probe volume length, Ω is the light collection solid angle, ∆t is the data acquisition time,
dσ is the differential scattering cross-section of the gas molecules, β is the angle between the incident electric field vector E and the scattered light wave vector k s (figure 2), h is Planck's constant, and c is the speed of light. When the interferometer is placed in the light path, assuming uniform illumination over the fiber face, the model function for the amount of energy collected on the q th annular region of the detector (containing the interference pattern), in terms of photon counts, can be expressed as follows:
where ∆r is the width of the annular region, r max is the radius of the image of the fiber face, S R is the Rayleigh spectrum evaluated using the TENTI S6 model, r q is the inner radius of the q th annular region. In this work, the fringe pattern is dissected into one circular and three annular regions, and the light in each region is detected using PMTs.
Lower bound for measurement uncertainty
The lower bound on the uncertainty in velocity, density, and temperature measurements using Rayleigh scattering is set by the photon statistical (shot) noise. Estimates of the measurement uncertainty in the unknown parameters for this technique were obtained by Cramer-Rao lower bound analysis 16 . For a measurement that is a function of a set of unknown parameters, î α , the variance of the estimates of the parameters is:
where Γ is the Fisher information matrix, which for Poisson statistics is given by: If a Gaussian spectrum is assumed, the lower bounds for uncertainties in density ρ, temperature T, and velocity u k for an ideal instrument are:
For air flow at zero velocity and temperature 425 K, the lower bound uncertainty estimates for density, temperature, and velocity sampled at 10 kHz, assuming an ideal instrument, are:
For any real instrument, these measurement uncertainties will be higher. The Cramer-Rao lower bound measurement uncertainties for the Fabry-Perot interferometer and PMTs in the current system, including overall efficiency of the system, are shown in figure 5 . The uncertainty in temperature and density are calculated assuming a known velocity of 0 m/s and sampling rate of 10 kHz. The measurement uncertainty in both temperature and density increases as temperature increases. This is attributable to a lower gas density at higher temperatures, resulting in less scattering molecules, and hence fewer scattered photons. Although the uncertainty in temperature is rather high for instantaneous measurements, long data records can provide highly accurate statistical quantities such as the power spectra of fluctuations. As sampling rates decrease, so will uncertainties, since the uncertainty is inversely related to the total number of photon counts, as shown in Equations 14. 
EXPERIMENT
Flow measurements were performed downstream of a heated air jet with an 8 mm exit diameter surrounded by a 50 mm diameter 1 m/s room temperature co-flow at the NASA Glenn Research Center using the described Rayleigh scattering measurement technique. The heated air jet is operated over a static temperature range of 298 to 550 K with a mean centerline velocity of 4.8 m/s ± 0.5 m/s measured at an axial distance of 15 mm from the jet exit. Since the measurement technique relies on having particulate free gas flows, a series of filters are placed in line with the air plumbing to remove dust, oil and water from both air supplies. Figure 6a shows the layout of the optics around the jet, which are used to collect Rayleigh scattered light resulting from incident laser light interacting with gas molecules in the jet flow. A 5W, 532 nm, single-frequency, Nd:Vanadate CW laser provides incident light for the system. The laser beam is focused with a 200 mm focal length lens (L1) to a 60 µm 1/e 2 diameter at the probe volume positioned 15 mm downstream of the jet exit. The beam is oriented in the horizontal direction, perpendicular to the flow direction. The collection optics are arranged such that light is collected at a 90 o scattering angle, and focused by a pair of f/3.33, 160 mm focal length lenses (L2, L3) onto a 0.55 mm diameter multimode optical fiber. Since the pair of equal focal length lenses provides 1:1 imaging, the length of the probe volume is 0.55 mm. The incident and scattering wave vectors are arranged such that the radial component of the jet velocity is measured.
The fiber is routed to a separate optical table where spectral analysis and detection takes place, shown in figure 6b. The light exiting the fiber is collimated by an 80 mm focal length lens (L4) and is directed through the planar mirror FPI. The interferometer has 70 mm diameter mirrors with 80% reflectivity, 8.7 GHz free spectral range (FSR), and reflective finesse ≈ 14. The FPI consists of an etalon, or two perfectly parallel mirrors, whose spacing determines the free spectral range. The Fabry-Perot is an extremely sensitive instrument; even the smallest vibrations or temperature changes can cause the mirrors to drift out of parallel alignment. If this happens, the spectral measurements will have increased uncertainty. Therefore, a stabilization routine is utilized to maintain parallelism of the mirrors during testing. Between Rayleigh scattering measurements, a mirror and diffuser (figure 6a) are placed in the beam path by linear actuators to direct some of the incident laser beam into the optical fiber and through the FPI. A set of reflecting prisms mounted on a linear actuator at the output of the interferometer (figure 6b) is positioned in the optical path to direct the light output from three regions of the interferometer mirrors into a video camera. The live video of the three fringe images is used in a feedback control loop to adjust the mirror positions using piezoelectric transducers until the three fringes are equal in diameter. This system is also used to set the fringe diameter of the incident reference light. Further details regarding the mirror stabilization system for the FPI can be found in Reference 10.
When collecting flow measurement data the prisms, mirror, and diffuser are removed from the optical path and the light exiting the FPI is focused by a fringe forming lens (L5) having an effective focal length of 5236 mm, which provided an 18 mm diameter image of the fiber face. The light is sampled via a system of concentric mirrors, referred to as image dissectors. Each image dissector consists of two concentric mirrors, one 25 mm diameter and the other 10 mm diameter, angled with respect to each other such that the incident light containing the intensity pattern is divided into a circular and an annular section and sent in different directions. The combination of three image dissectors and the lenses that focus the light at each dissector (L5-L11) divides the fringe into one circular plus three annular regions. The light from each region is focused onto PMTs, labeled 1-4 in figure 6b. Figure 7 illustrates the individual areas of the fringe image which are directed towards each PMT after the light has passed through the three image dissectors. The angle between the incoming light path and the two outgoing light paths for each image dissector ranged between 18 o to 37 o . Some light is lost in the process of dissecting the fringe due to shadows created by the small mirror positioned in front of the large mirror. Figure 8 shows a radial slice of a fringe pattern. The areas detected by each PMT are indicated, with the spaces between areas representing the lost light associated with the thickness and angle of the small mirror. The PMTs are operated in the photon counting mode to acquire fringe intensity data. The photoelectron pulses from the five PMT's are amplified (Gain = 5) and sent to photon counters, which output NIM level pulses. Constant fraction discriminators convert the NIM pulses to 10 ns wide TTL level pulses that are counted by a counter-timer board. Typical photoelectron count rates for this work were on the order of 1 MHz. A PC-based data acquisition system was used to record the signals from the PMT's. Each signal channel was digitized at a 10 kHz sampling rate for 10 seconds, resulting in 100,000 samples per channel. The intensity information from the Fabry-Perot fringe sampling is used to obtain temperature measurements. The density measurement is much simpler since it requires only an overall intensity measurement and does not require the FPI for spectral analysis. Therefore, a beamsplitter located just in front of the FPI input directs approximately 10% of the incoming Rayleigh scattered light to a lens (L12), which focuses the light into a single PMT for density measurement. This PMT is labeled 5 in figure 6b.
A PID feedback control unit is used to adjust and maintain the jet total temperature to within +/-1.5 K of the setpoint temperature. During stabilization of the FPI, while the laser beam is blocked from the probe volume, a linear actuator places a fine-wire (0.25 mm diameter) open-bead type K thermocouple into the flow to provide jet static temperature data. A pressure gauge measures the ambient (static) pressure approximately 10 mm away from the thermocouple location. Density information is derived using ideal gas law. The centerline axial velocity was evaluated using the total pressure measured with a pitot probe so that the jet velocity profile is known and the expected velocity fluctuations can be estimated. 
Calibration
The technique was calibrated by operating the jet at temperatures ranging from 298 K to 550 K. The gas temperature and density were determined from thermocouple and pressure probe measurements. Since thermocouples measure the temperature of the metal probe bead rather than the gas temperature, there may be a difference between the actual gas temperature and the thermocouple measurement. These differences result from conduction losses down the thermocouple wire and radiation losses to the surroundings. The error in gas temperature was estimated to be less than ±3 K for the relatively low temperatures studied here. The mean photon counts for the five PMT's were determined as a function of air density and temperature. The photon counts are linearly related to density as shown by the calibration curve in Figure 9 . The amount of light in each of the four annular regions detected by PMT's 1-4 is a function of both density and temperature. By using a ratio technique, the dependence on density is removed. The ratios selected were PMT 3/PMT 4, to monitor changes in fringe width on the outer edge of the fringe pattern, and PMT 2/PMT 1, to monitor fringe width from the inner edge. Velocity changes cause a shift in the radial location of the fringe. The radial velocity component in this experiment is approximately zero, resulting in a nearly constant fringe diameter. Changes in fringe diameter due to velocity fluctuations, drift in the interferometer mirror spacing, or laser frequency drift, may cause some measurement error. Re-stabilizing the interferometer mirrors between every measurement minimizes the error due to mirror and laser frequency drift. Based on the mean axial velocity of 4.8 m/s, the magnitude of the radial velocity fluctuations is on the order of 0.5 m/s. Velocity fluctuations of this magnitude should have minimal effect on the temperature measurements. Figure 10 shows temperature as a function of the photon count ratio of PMT 3 to PMT 4. The ratio of PMT 2 to PMT 1 had very little change over this temperature range; therefore, it was neglected in this analysis. A second order exponential decay function was fit to the temperature versus PMT 3/PMT 4 curve. Due to the asymptotic nature of such a fit, the technique was extremely sensitive to intensity ratio changes at high temperatures but very insensitive at lower temperatures. The equations shown in figures 9 and 10 are used to calculate density and temperature at each data point to obtain time histories. The power spectra of the density and temperature fluctuations can be calculated from this information. Because of the high noise levels, it is necessary to use relatively long data records and calculate power spectra using a technique such as the Welch method of modified periodograms, which will be discussed in Sec. 4.3. 
Jet temperature profiles
The Rayleigh probe volume is scanned radially at a single axial station through the center of the jet flow at two different temperatures to demonstrate the technique and provide temperature profiles. This scan provides temperature and density measurements in the jet core as well as in the turbulent mixing layer formed between hot and cold air streams. Figures  11 and 12 show temperature profiles for flows with centerline temperatures of 378 K and 483 K, respectively. The nondimensionalized probe position is given in terms of radial location divided by jet exit diameter, r/D. Temperatures obtained from the Rayleigh technique using PMT 3/PMT 4 photon count ratios are shown as circle symbols while thermocouple measurements are shown by triangle symbols for comparison. Simultaneous density measurements were also obtained in these scans from PMT 5 photon count data. The temperatures shown as square symbols in figures 11 and 12 were calculated from these density measurements using the ideal gas law. All three independent temperature measurements compare quite well. Figure 11 contains information from two scans performed on different days using a single calibration, indicating good repeatability characteristics. Figure 13 shows the differences between the temperatures obtained from the Rayleigh technique and the thermocouple. The standard deviation shows that the error in mean temperatures is approximately +/-7 K, while the standard deviation of the individual temperature measurements is similar to the Cramer-Rao lower bound estimate calculated in Sec. 2.2. 
Power Spectral Density (PSD) calculations
We used the Welch method of modified periodograms 17 to calculate an estimate of the power spectral density (PSD) of the density and temperature fluctuations. In this procedure, a long data record sampled at a rate f s = 10 kHz for time t = 10 sec (total samples = N = tf s ) is subdivided into a number K r = 389 of smaller records of length L = 512 samples, which are overlapped by 50%. The modified periodograms of each sub-record are calculated using a data window. These individual periodograms are then averaged to obtain the estimate of the power spectrum. The frequency resolution of the resulting spectrum is f s /L = 19.53 Hz. Overlapping the segments by 50% provides a near maximum reduction in the variance in the spectral estimate. The resulting power spectrum provides fluctuation information out to 5 kHz. Figures 14  and 15 show normalized density and temperature PSD plots for a jet flow having a centerline velocity of 4.7 m/s and temperature of 378 K. The shot noise contribution has been subtracted from each spectrum since the shot noise contributes approximately equally over all frequencies. In each figure, spectra are shown for three radial measurement locations: centerline (r/D = 0), shear layer (r/D = 0.3), and a region outside the mixing layer (r/D = 0.7). As expected, the highest fluctuations are found in the shear layer, where the higher temperature air from the jet core is mixing with the colder co-flow air. The spectra at the other two locations are relatively flat. Figures 16 and 17 show similar PSD plots for a jet having a centerline velocity and temperature of 5.3 m/s and 483 K.
The cross-spectra between density and temperature records were also calculated. When the cross-spectra are calculated, any noise, such as shot noise that is uncorrelated will be removed from the spectrum. The coherence is the real part of the cross-spectrum and is a measure of how well the two measurement records correlate at a given frequency. The phase is the imaginary part of the cross-spectrum. Cross-spectra between density and temperature fluctuations for jet centerline temperatures of 378 K and 483 K are shown for a shear layer radial location in Figures 18 and 19 . A coherence of 1.0 indicates perfect correlation between the fluctuations of density and temperature. The measurements show coherence of about 0.5 and 0.7 in the frequency range of 0-500 Hz for the low temperature and high temperature flows, respectively. There is no phase lag (phase = 0) since both temperature and density are measured simultaneously at the same location. By recording sound pressure fluctuations using microphones and following a similar cross-spectral analysis, correlations between sound pressure fluctuations and either density or temperature fluctuations can be obtained. Information of this type is useful to aero-acoustic researchers studying the sources of noise generation in jets. 
CONCLUDING REMARKS AND FUTURE WORK
A technique for obtaining dynamic gas density and temperature measurements using molecular Rayleigh scattering was described. Density was determined from an overall intensity measurement of the scattered light, while temperature was determined by analyzing the scattered light with a Fabry-Perot interferometer. The signals from five photomultiplier tubes were simultaneously recorded using photon counting electronics operating at 10 kHz sampling rate with 10 second recording periods. An uncertainty analysis was presented that demonstrated a lower bound of about 31% for individual temperature measurements and about 3.8% for individual density measurements. The measurement uncertainty can be lowered significantly by increasing the number of detected photons. This may be done by using a higher power laser and/or by using higher quantum efficiency detectors. Density and temperature measurements taken in a low speed heated jet flow were presented. The measured standard deviation for mean temperature measurements was +/-7 K. The standard deviation of the individual measurements was closer to the lower bound estimate. Temperature and density power spectra were obtained using the Welch method of modified periodograms. The presented Rayleigh scattering technique simultaneously measures time history of density and temperature flow fluctuations and should provide a valuable research tool for the study of noise generation in turbulent flows.
Several methods for improvement of this technique were realized from this experiment. In future work, the radius of the reference fringe and/or the fringe dissection arrangement may be changed so that the two inner annular segments are more sensitive to temperature changes. This will provide an additional independent measure of temperature that can be averaged together with temperatures obtained by the current method (ratio of outer two regions) to lower measurement uncertainty. Also, the cross-spectrum of the two temperature measurements can be used to remove the shot noise contribution from the power spectrum. A significant amount of light is currently lost in the transmission between image dissectors due to the thickness of the smaller mirror and the angles between the two mirrors. Using an annular detector or a more efficient method of dissecting the fringe image should decrease measurement uncertainty and improve the technique's signal to noise ratio. High quantum efficiency annular or rectangular array detectors will be explored. Eventually this technique will be extended to measure velocity fluctuations simultaneously with temperature and density fluctuations. In this case, a ratio method will probably not be sufficient for analysis since the ratio is a function of both temperature and velocity. A least-squares technique will be necessary to extract the desired information from the photon count data in the concentric regions.
